SUMMARY
The precise neural circuitry that mediates arousal during sleep apnea is not known. We previously found that glutamatergic neurons in the external lateral parabrachial nucleus (PBel) play a critical role in arousal to elevated CO2 or hypoxia. Because many of the PBel neurons that respond to CO2 express calcitonin gene-related peptide (CGRP), we hypothesized that CGRP may provide a molecular identifier of the CO2 arousal circuit. Here, we report that selective chemogenetic and optogenetic activation of PBel CGRP neurons caused wakefulness, whereas optogenetic inhibition of PBel CGRP neurons prevented arousal to CO2, but not to an acoustic tone or shaking. Optogenetic inhibition of PBel CGRP terminals identified a network of forebrain sites under the control of a PBel CGRP switch that is necessary to arouse animals from hypercapnia. Our findings define a novel cellular target for interventions that may prevent sleep fragmentation and the attendant cardiovascular and cognitive consequences seen in obstructive sleep apnea.
INTRODUCTION
Patients with obstructive sleep apnea suffer from repeated cycles of upper-airway collapse during sleep, causing apnea (with increases in CO2, hypercapnia, and fall in O2, hypoxia), followed by arousal that re-establishes the airway. Although the arousals are brief and lifesaving in the short term, the sleep fragmentation they cause prevents the patient from entering deeper states of sleep (Bonsignore et al., 2012; Mannarino et al., 2012) , causing subsequent daytime sleepiness and increasing risk of cardiovascular and metabolic disease in the long term (Ayalon and Peterson, 2007; Benarroch, 2007) . Dissociating the arousal from sleep from the increase in respiratory drive that reinitiates breathing could potentially prevent this outcome (Berry and Gleeson, 1997) but will require understanding the circuits that mediate both aspects of the response to apnea.
In our previous work, we showed that glutamatergic neurons in the lateral parabrachial region are required for the arousal response to hypercapnia, hypoxia, or the combination of the two. In particular, it appeared that neurons in the external lateral parabrachial subnucleus (PBel) were necessary for this response (Kaur et al., 2013) . The PBel is an attractive candidate for causing arousal during apnea, as it projects extensively to the lateral hypothalamus, basal forebrain, and amygdala (Bernard et al., 1993; Saper, 1982; Saper and Loewy, 1980) . However, there are many other glutamatergic neurons in the parabrachial region that project to the forebrain, as well as ones in the neighboring lateral crescent and Kolliker-Fuse nuclei that project extensively to the medulla and spinal cord (Herbert et al., 1990; Yokota et al., 2015) and may be responsible for augmenting respiration during hypoxia or hypercapnia. Finding a genetic differentiation between the neurons responsible for forebrain arousal during apnea and those that augment respiration would allow us to manipulate these cell groups selectively.
We and others had previously found that many of the neurons of the PBel express calcitonin gene-related peptide (CGRP) (Yasui et al., 1989) . CGRP neurons are found in the PBel as well as its forebrain targets in a variety of mammals including mice (Campos et al., 2016) and humans (de Lacalle and Saper, 2000) . The PBel CGRP neurons are known to receive both pain and visceral sensory information (Carter et al., 2013 (Carter et al., , 2015 de Lacalle and Saper, 2000) and to show cFos activation in response to hypercapnia (Yokota et al., 2015) . Therefore, we hypothesized that the PBel CGRP neurons may be important for relaying aversive signals, such as those that accompany hypercapnia, to the forebrain to cause arousal. To test this hypothesis, we used inducible CGRP-CreER mice (Song et al., 2012) , where CreER encodes a fusion protein of Cre recombinase and estrogen receptor (ER), and CreER is transported to the nucleus of the cell only when an ER ligand such as tamoxifen (TM) is present. Thus, TM administration to CGRP-CreER mice provides an efficient means for temporal gating of Cre activation.
In the present study, we combined temporal control of Cre activation with intracranial injections of adeno-associated viral vectors (AAVs) containing Cre-dependent expression cassettes 
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for activating either the hM3Dq receptor or the inhibitory opsin archaerhodopsin TP009 (Arch T). This allowed us to test, for the first time, the effects of selectively manipulating the PBel CGRP neurons on the arousal response to hypercapnia as well as define the downstream forebrain circuit network mediating the arousal response.
RESULTS

Experiment 1: Activation of PBel CGRP Neurons
We first wanted to test whether chemogenetic or optogenetic activation of PBel CGRP neurons would be sufficient to cause arousal from a sleeping state. To allow selective activation of PBel CGRP neurons, we first placed bilateral injections of AAV-FLEX-hM3Dq-mCherry into the PBel of six CGRP-CreER mice. In 5 out of 6 mice, there was bilateral immunostaining in the PBel CGRP neurons for the hM3Dq-mCherrry fusion protein ( Figures 1D-1G) . We compared the sleep in these mice after injection of saline (0.9%) or after two different concentrations of clozapine-N-oxide (CNO) (0.1 and 0.3 mg/kg). As expected, in the animals given saline, there was some wakefulness (55.8% ± 9.3%) in the first hour after saline injection, but once sleep was initiated it was maintained (an average of 57.9% ± 7.9% nonrapid eye movement [NREM]; 5.2% ± 1.3% REM sleep; and 36.9% ± 9.4% wakefulness in the first 3 hr) ( Figures 1I-1K) . A similar sleep pattern was also observed after administering 0.1 mg/kg of CNO, which was not significantly different from the saline group ( Figure 1H ). However, after the injection of CNO at 0.3 mg/kg, a significant increase of 54.4% ± 11.3% in wakefulness compared to saline was seen in the first 2 hr. Wakefulness reached 98.1% ± 1.6% in the first hour and 75.7%% ± 11.8% in the second hour after 0.3 mg/kg CNO and was significantly higher than that after saline (F 2, 20 = 26.4; p = 0.02 overall comparison day/ night X treatment groups (saline, two doses of CNO) Figure 1H ; F 23, 168 = 4.06; p = 0.04 for comparison across 24 hr; with p = 0.002 and p < 0.001 for the each of first 2 hr, respectively) ( Figure 1I ). Concomitant decreases in NREM sleep (96% and 68%; compared to saline) were significant during the first 2 hr after CNO, when only 1.7% ± 1.6% and 24.3% ± 11.9% of time was spent in NREM sleep (F 2, 20 = 22.9; p = 0.04 overall; F 23, 168 = 4.26; p = 0.04 for comparison of treatment groups across 24 hr; with p = 0.001 and p < 0.001 for the first 2 hr, respectively, Figure 1J ). REM sleep was completely suppressed during the first 3 hr after injection of CNO at 0.3 mg/kg (F 2, 20 = 7.2; p = 0.014 overall; F 23, 168 = 7.78; p = 0.006 for comparison across 24 hr; with p = 0.003 and p = 0.01 for the second and 3 hr, respectively, Figure 1K ). REM sleep rebounded in the fourth hour and thereafter animals showed a percentage of REM sleep in the range of 4%-6% in the following 3 hr, which was comparable to that after saline injections ( Figure 1K ).
We also tested whether acute stimulation of PBel CGRP neurons can trigger arousal by optogenetic activation of these cells for 5 s during sleep. We found that blue laser (473 nm) light-induced activation of PBel CGRP neurons with 10-ms pulses at 10 and 20 Hz ( Figure S1 ) can cause cortical arousal with significantly shorter latencies (F 7, 26 = 26.06; p < 0.001; Figures S1E and S1F) than when compared to either the Laser-OFF group or the control group with only GFP expression. At 20 Hz, in animals with ChR2 expression in PBel and correct placement of the glass fiber (n = 6), mice woke up in nearly all trials within the period of laser stimulation (5 s) (Figures S1F and S1G), as opposed to control mice expressing only GFP, where it was ineffective in waking up the animals during the stimulus.
Experiment 2: Photo-inhibition of PBel CGRP Neurons
In Vitro Demonstration that ArchT Silences PBel
CGRP Neurons
We next wanted to use ArchT to suppress the firing of PBel CGRP neurons. We first tested ArchT using whole-cell patch-clamp recordings in the slice preparation. In current-clamp mode, we found that, with z+100 pA of current injection, we could bring the membrane potential of PBel neurons up above the threshold for firing. We then exposed the PBel CGRP neurons expressing
ArchT-GFP to 60-s pulses of 593 nm orange light. This produced a À13.82 ± 2.36-mV membrane hyperpolarization (n = 5; p = 0.004 paired t test) and silenced the firing of the cells for the duration of the laser light exposure. The 593 nm light had no effect on the firing of PBel CGRP neurons expressing GFP instead of Arch T (animals injected with AAV-Flex-GFP; n = 5) ( Figures 2H-2J ).
In Vivo Targeting of PBel CGRP with ArchT
To test the effect of photo-inhibiting PBel CGRP neurons in vivo, we ablated the PBel CGRP neurons on one side of the brain and transduced them with ArchT on the other side. This simplifies the placement of the optical fiber, as it only need be targeted accurately on one side of the brain. We therefore injected CGRP-CreER mice ( Figure 2A ) unilaterally with an AAV-FLEX-mCherry-DTA vector that expresses diphtheria toxin A in neurons that contain Cre recombinase and mCherry in neurons that do not express Cre (so that the injection site can be identified). The DTA vector ( Figure 2B ) caused nearly complete loss of CGRP neurons on that side of the brain ( Figures  2D and 2F ) but no change in other local cell groups, which expressed mCherry ( Figure S2 ). We then injected the opposite side with AAV-FLEX-ArchT-GFP, which expresses ArchT in a (D) Photomicrograph of coronal section of a mouse brain immunostained for mCherry (co-expressed with hM3Dq) localized to the CGRP positive neurons in the PBel. (E-G) Further magnifications of the section shown in (D) (E, right side; F and G, left side). (H-K) Percentage of time spent in wake, non-REM, and REM sleep (mean ± SEM) during the light-dark phase, after either saline (black) or two different doses of CNO (0.1 mg/kg pink or 0.3 mg/kg red), while hourly comparison (mean ± SEM) is shown in (I)-(K) for the 0.3-mg/kg dose. (L and M) Representative hypnograms from a mouse injected with saline (L) and CNO (0.3 mg/kg, M) on two different days at the beginning of light phase (marked by black and red triangles). The upper trace in each panel shows time spent in wake (W), non-Rem (NR), and REM sleep (R). The middle trace shows the delta power in the EEG, with bouts of NREM sleep shown in green, REM sleep in red, and wake in black. The lowest trace, EMG, show periods of movement, mostly seen during wake. PB, parabrachial nucleus; el, external lateral; cl, central lateral; dl, dorsal lateral; m, medial PB subnuclei; scp, superior cerebellar peduncle. (***p < 0.001, **p < 0.01, and *p < 0.05, two-way ANOVA followed by Holm-Sidak for multiple comparison).
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Cre-dependent manner ( Figure S3 ). That same side was also targeted by a glass optical fiber to direct the laser light (Figures 2E and 2G) . The glass fibers were placed so that they sat directly on the surface of the pons over the PBel, but generally without penetrating the surface of the pons, so that no damage was done to the PBel. Out of 12 CGRP-CreER mice, 8 mice had the glass fiber accurately targeting the ArchT expressing cells in PBel.
Cortical Arousals to Hypercapnia
Arousal responses to hypercapnia were observed in all 8 of the CGRP-CreER mice with correct targeting of AAV-ArchT and the glass fiber. In the Laser-OFF condition the mean arousal latency was 16.5 ± 0.7 s (Figures 2K and 2M ). These animals awoke during the CO2 stimulus on every trial (0% failure to arouse), and similar latencies were also observed in the control (AAV-GFP) mice (15.3 ± 0.6 s; n = 4) with no ArchT expression and C57 wild-type mice with AAV-ArchT injections (16.4 ± 1.8 s; n = 6) (Figures 2K and 2M) . However, in the CGRP-CreER mice with correct targeting, in the Laser-ON condition, the arousal latency was increased 4-fold (69.7 ± 6.7 s; F 5, 29 = 38.81; p < 0.001) (Figures 2L and 2M) and in 49.8% ± 4.9% of the trials the mouse did not wake up during the 30-s CO2 stimulus (F 5, 29 = 52.1; p < 0.001) ( Figures 2N and 2O ). In control mice with AAV-FLEX-GFP injections in the PBel (n = 4) and no ArchT and in the C57 control mice (n = 6) injected with AAV-ArchT (where no expression of ArchT was observed), the arousal latency did not differ with and without laser exposure, and they also woke up with every trial of hypercapnia. In all trials that were measured, animals had been in NREM sleep for a minimum of 30 s before onset of the trial, with a statistically comparable mean time in NREM before hypercapnia in Laser-ON (54.6 ± 3.3 s) and Laser-OFF (50.8 ± 4.8 s) conditions. These numbers were also similar to the normocapnic trials (below), in which the mean NREM duration prior to trial onset was 57.3 ± 2.8 s, the mean time to arousal was 92.3 ± 5.6 s, and the mean NREM sleep bout that extended across gas exchange trials was 149 s.
Ventilatory Response to Hypercapnia
The respiratory signals acquired continuously with the electroencephalogram (EEG) and electromyogram (EMG) in the above experiment were analyzed offline. The flow signals were analyzed for respiratory rate, tidal volume, and ventilation using software to automatically detect the peaks and troughs of each breath for 90 s of each of the CO2 trials. We then analyzed and compared the respiratory rate and tidal volume for the three breaths just before hypercapnia (Pre-CO2) to that of the three breaths just prior to when animals awoke in response to 10% CO2 in the Laser-OFF condition and then at the same time point in trials in the same animal with Laser-ON (in which the animals did not awaken). Our results show that the increase in breathing rate and tidal volume in response to CO2 was not significantly different in the Laser-ON or Laser-OFF conditions ( Figure S4 ). In other words, the inhibition of the PBel CGRP neurons prevented the arousal, but not the ventilatory response to CO2.
Cortical Arousals in Normocapnia
In the presence of the normocapnic gas instead of CO2, the mean latency of arousal (representing the remaining duration of a normal NREM bout) was not significantly different between the Laser-ON (90.9 ± 8.3 s) and Laser-OFF (94.8 ± 7.8 s) ( Figures  3A-3C ) days. Similarly, the mean NREM bout lengths (including the NREM prior to the trial) for Laser-ON (149.2 ± 8.8 s) and Laser-OFF (154.1 ± 7.7 s) were also not significantly different. Also, laser inhibition of PBel CGRP neurons did not affect the total amount of time spent in wake and sleep as the sleep-wake percentages were not different between the Laser-ON and Laser-OFF days. Mice failed to arouse during the 30-s trial about 80% of the time in both treatment groups, essentially the same as spontaneous waking, indicating that the apparatus for switching the atmosphere in the plethysmography chamber did not awaken the mice. Cortical Arousal to Acoustic Stimuli and Vibrations As described previously (Kaur et al., 2013) , we also measured the arousal response of animals to 10 s of a 4-kHz acoustic stimulus (K and L) Orange-light pulses prevent CO2 arousal. Representative recordings of EEG, EMG, and respiration during the 10% CO2 stimulus in a CGRP-CreER mouse injected in PB with AAV-Flex-DTA on the left side and AAV-ArchT on the right side, without a 593-nm laser in (K) and with laser exposure for 1 min beginning 20 s before the CO2 stimulus in (L). With no laser (K), the mouse awoke (denoted by sudden change in EEG power spectrum and EMG) at the latency of 18 s (black bar) to CO2, but, with laser inhibition of PBel, the mouse in this representative trial (L) did not wake up.
(M) Graphs comparing the latency of arousal (mean ± SEM) with and without laser to 30 s of 10% CO2. Latency with the laser on was similar to animals that received no CO2 at all (cf. of 2, 5, 10, or 30 dB during the Laser-ON protocol (laser on 20 s before and 30 s after the acoustic stimulus) and compared that to the Laser-OFF days. Threshold sound stimuli of 2 and 5 dB failed to evoke cortical arousal in 40% and 20% of the trials, respectively (Figures 3F and 3G) in both Laser-ON and Laser-OFF conditions. These responses were measured in mice (n = 6) where we observed delayed arousals to CO2 upon laser inhibition as shown in Figures 2I-2L . In spite of higher latencies of arousal to CO2 with the Laser-ON the latency of the responses of the animals to the acoustic stimulus were not significantly different ( Figures 3D-3G ) on Laser-ON versus Laser-OFF days. Additionally, we also tested the arousal response to placing the animals (n = 3) on an orbital shaker at speeds from 10 to 75 rpm. We found no difference in the arousal threshold or latency to this somatosensory and vestibular stimulation in the Laser-ON versus Laser-OFF ( Figure S5 ) conditions.
Experiment 3: Inhibition of Input by PBel CGRP Neurons to Their Terminal Fields
To determine which of the targets of PBel CGRP neurons cause the awakening to elevated CO2, we selectively silenced terminals of the PBel CGRP neurons optogenetically using ArchT. CGRP-Cre ER mice (n = 32) were injected bilaterally in the PBel with AAV-FLEX-ArchT-GFP. Mice injected with AAV-FLEX-GFP served as controls (n = 9). The terminal fields selected included 3 major forebrain arousal nodes: the substantia innominata just ventral to the rostral pole of the globus pallidus in the basal forebrain (BF), the central nucleus of the amygdala (CeA), and the lateral hypothalamus (LH) at the level of the orexin neurons. We placed a unilateral glass fiber just above one of these three fields to silence PBel CGRP terminals on one side of the brain in each mouse and placed a cell-specific lesion in the homologous terminal field on the other side of the brain using either ibotenic acid or an AAV-DTA. The cell-body-specific nature of the lesion was verified by the preservation of ArchT-GFP immunoreactive terminals in a field of gliosis and loss of neuronal cell bodies. These mice were recorded for arousal responses to 30-s periods of hypercapnia in both the Laser-OFF and Laser-ON conditions.
BF
Out of 11 mice injected with AAV-Flex-ArchT-GFP in the PBel ( Figure 4A ), 7 of them showed contralateral cell deletions induced by AAV-DTA, that included the projection areas of the PBel in the BF (substantia innominate and nucleus basalis) and the optical fiber accurately targeting the homologous area in the contralateral hemisphere . The lesions (left) and the terminal fields (right) in these mice were plotted and are shown as a heatmap in Figure 4B . In the Laser-OFF condition, these mice had an arousal latency of 17.3 ± Figure 2 comparing the latency of arousal (mean ± SEM) with and without laser photo-inhibition of the PBel CGRP terminals in BF to 30 s of 10% CO2; survival of NREM sleep bouts during and after a hypercapnic stimulus shown with and without the laser; and comparisons of the percentage of animals with failure to arouse at 15, 30, and 40 s (I). ac, anterior commissure; SI, substantia innominata; sm, stria medullaris (***p < 0.001, **p < 0.01, one-way or repeated-measures ANOVA followed by Holm-Sidak for multiple comparison). 0.2 s to 30 s of the CO2 exposure. However, in the Laser-ON condition, they showed a near tripling (2.97-fold) in arousal latency (51.4 ± 2.6 s; compared to the ArchT-BF laser OFF and GFP mice-F 4, 18 = 66.9; p < 0.001) ( Figures 4G-4I ), and they failed to arouse during the 30 s of CO2 stimulation in 50.0% ± 6.8% of trials, which was significantly higher than both the GFP control and the ArchT-BF Laser OFF groups (F 4, 18 = 16.25; p < 0.001) ( Figures 4H and 4I ). The latency of arousal to CO2 in the control groups, BF-GFP group and the anatomical BF controls (n = 4) with no ArchT in the terminal field, both during Laser-ON and Laser-OFF, was not different from the ArchT-BF Laser-OFF condition.
asterisk). (E and F) Magnified views of the lesioned (C and E) and the intact side (D) with ArchT terminals apposed to the intact cells in (F). (G and H) Graphs as in
CeA Out of 12 mice in which the CeA was targeted ( Figure 5A ), 6 of them had ibotenate-induced unilateral cell deletion of the left CeA and correct placement of the glass fiber targeting the PBel CGRP terminal field in the right CeA ( Figure 5B ) as determined by ArchT-GFP immunohistochemistry ( Figures 5C-5F ). Both the lesions (left) and terminal fields (right) were plotted for these 6 mice and are shown as a heatmap in Figure 5B . These mice had arousal latencies averaging 17.3 ± 1.5 to 30 s of the CO2 exposure in the absence of laser inhibition (n = 6), and they awakened during the 30-s CO2 exposure ( Figures 5G-5I ) in all trials. However, in the Laser-ON condition (n = 6) the arousal latency was significantly (F 5, 23 = 31.27; p < 0.001) increased 2.65-fold to 44.9 ± 3.5 s, and in 38.2% ± 7.3% of the trials (F 5, 23 = 5.38; p = 0.002) there was failure to arouse during the 30-s CO2 stimulus ( Figures 5G-5I ). By contrast, in the control group with AAV-GFP injections in the PBel (n = 3), the latency to arousal during hypercapnia was not different between the Laser-ON and Laser-OFF conditions ( Figures 5G-5I ) and was very similar to that in the ArchT-CeA Laser-OFF group. The mice (n = 6) in which the glass fiber was off target or in which there was no ArchT seen in the terminal fields served as an anatomical control group with arousal latency during the Laser-ON condition (19.3 ± 2.4 s) not significantly different from the ArchT-CeA Laser-OFF control group ( Figures 5G-5I ). LH Out of 9 mice injected with AAV-Flex-ArchT-GFP in the PBel ( Figure 6A ), 5 of them showed AAV-DTA-induced unilateral cell deletions in the left LH and correct placement of optical fiber that illuminated the LH terminal field on the contralateral side of the brain (Figures 6B-6F ). These mice had an arousal latency of 19.7 ± 0.42 to 30 s of the CO2 exposure in the Laser-OFF condition, but in the Laser-ON condition showed a 1.65-fold increase in arousal latency to 31.7 ± 4.3 s (F 4, 17 = 7.98; p = 0.010; Figure 6G ). In 27.6% ± 3.9% of the trials in the Laser-ON condition, the mouse failed to arouse during the 30-s CO2 stimulus, which was significantly higher than Laser-OFF (F 4, 17 = 11.01; p = 0.004; Figures 6H and 6I ). In mice (n = 4) with no ArchT in the LH terminal fields and in the group injected with GFP (n = 4), the laser inhibition did not increase the latency of arousal (18.2 ± 1.7 and 15.5 ± 0.6 s) to CO2, and it was very similar to LHArchT Laser-OFF condition.
DISCUSSION
Our results indicate that acute activation of PBel CGRP neurons during the normal sleep period in mice produced rapid and sustained wakefulness for 2 hr. However, these neurons appear to have little effect on baseline wake-sleep behavior in the absence of CO2 stimulation, because their inhibition during normocapnic trials did not change the normal duration of NREM bouts or latency to awakening. On the other hand, silencing the PBel CGRP cell bodies with ArchT during NREM sleep increased the mean latency to arousal to CO2 by almost 4-fold, and animals failed to arouse during the stimulus at all in over half of the trials. This profound loss of sensitivity to CO2 arousal is similar to that seen in our previous work when we either ablated all of the cells in the PBel region or deleted their ability to produce the vesicular glutamate 2 transporter (Vglut2, thereby making them incapable of releasing glutamate from their terminals) (Kaur et al., 2013) . Thus, the PBel CGRP neurons, by themselves, account for the entire CO2 arousal response from the PBel region, and ArchT silencing of those neurons is sufficient to completely abrogate that response.
To better understand the circuit basis for this response, we then used ArchT to inhibit the terminals of the PBel neurons in major forebrain terminal fields where target neurons are likely to contribute to CO2 arousal responses. We found that inhibiting PBel CGRP terminals in the BF had the most potent effect, achieving about 64% of the prolongation of the mean latency to arousal seen with inhibiting the CGRP cell bodies (34.1 versus 53.2 s) and replicating the frequency of trials with failure to arouse during the 30-s CO2 stimulus (50.0% versus 49.8%) (Figure 7 ). Given the fact that the terminal field is irregular in shape and not every CGRP cell in the PBel may express ArchT, this result indicates that the bulk of the arousal effect from the CGRP-PBel neurons depends upon the relay in the BF. This result would be consistent with recent findings that BF neurons are necessary for maintaining a waking state (Fuller et al., 2011) and that the BF contains GABAergic neurons that can drive wakefulness, as well as glutamatergic and cholinergic neurons that promote cortical EEG frequencies associated with wakefulness (Anaclet et al., 2015; Xu et al., 2015) . Inhibition of PBel CGRP terminals in the CeA had the next most potent effect. This delayed the mean time to arousal by 28.0 s, about 53% of the latency seen with inhibition of the cell bodies, and had about 75% of the impact on failure to arouse (38.2%). However, the CeA is the most compact of the PBel targets and the easiest to lesion or cover with laser light completely. In addition, the CeA does not project directly to the cerebral cortex but rather projects heavily to the BF and LH (Gastard et al., 2002; Jolkkonen et al., 2001) . Hence, it appears likely that the CeA is an important part of the network of PBel CGRP targets that causes arousal, but that it probably participates mainly by relaying and perhaps amplifying the signal to the BF and LH. Inhibition of PBel CGRP terminals in the LH had the least potent effect on CO2 arousal, producing about 23% of the effect of inhibiting the PBel CGRP cell bodies, as measured by delaying the latency to arousal (12.0 versus 53.2 s), and about 55% of the impact on failure to arouse during the CO2 stimulus (27.6% of trials). The PBel CGRP terminal field in the LH is also large and diffuse, so this is likely to represent a lower bound estimate of its role in CO2 arousal. LH neurons that drive arousal include orexin neurons that directly activate cerebral cortex, as well as GABAergic neurons that inhibit the sleep system (Lee et al., 2005; Venner et al., 2016) . Thus, it seems likely that CGRP inputs to these cell groups play a role in the arousal caused by PBel CGRP neurons, but probably are less potent than those in the BF. A model for the interactions of these regions in producing arousal with visceral stimuli, including hypercapnia, is shown in Figure 8 .
Technical Considerations
The method we used for simulating hypercapnia during an obstructive apnea is designed to produce a CO2 stimulus of about the duration and intensity of one encountered in sleep apnea (Kaur et al., 2013) . In this model, we switch from room air to 10% CO2 in the gas entering the plethysmograph at the onset of the 30-s stimulus. As shown in Figure 3 , this causes a geometric increase in CO2, asymptotically approaching 10% by about 10 s into the stimulus period. Intact animals typically arouse between 15 and 20 s after stimulus onset, and in nearly all cases by 30 s. Animals typically arouse briefly (for a few seconds) and immediately go back to sleep once the CO2 levels fall; the trials are separated by 5 min, and mice appear to recover to baseline between trials because there is little change in latency to arousal across the 2-hr test period. Because we run these studies during the first part of the light period, when mice are mainly sleeping, most of these trials start during NREM sleep. We analyze the trials in which the animal is soundly in NREM sleep (at least for 30 s prior to stimulus onset). As animals spend about 10-fold more time in NREM than REM sleep, and REM bouts are shorter, only a few of our CO2 stimuli fall during REM bouts, and we therefore do not have enough data on them to analyze statistically. It is also important to recognize that mean NREM bout length extending across normocapnic gas exchange trials is about 149 s, so that the mean time to arousal for mice that have already been in NREM for an average of 57 s is about 92 s, even if the animals are left undisturbed. Thus, when inhibition of the PBel CGRP cell bodies delays mean time to arousal to 70 s, it is almost eliminating the CO2 arousal response entirely.
ArchT provided a very effective means for silencing PBel CGRP neurons in our slice preparation experiments. We used 60-s periods of inhibition, and it can be seen in Figure 2 that in vitro, this resulted in complete silencing during the ArchT activation, but then a rebound increase in firing lasting 1-2 min after the silencing ended. It appears that this protocol can be safely used to inhibit PBel CGRP neurons repeatedly with an interval of 5 min between inhibition trials, because there was no histological damage to the brain after laser exposure and because the animals had normal CO2 arousal during Laser-OFF trials performed after Laser-ON trials. ArchT has been used to silence neurons in vivo in a wide variety of recent studies (Boada et al., 2014; Campos et al., 2016; Daou et al., 2016; Kim et al., 2015; Shi et al., 2015; Tsunematsu et al., 2013) , and this use has also been validated by extracellular recordings from neocortical areas (Chow et al., 2010; Chuong et al., 2014) . It has recently been reported that ArchT activation may excite some terminals (Mahn et al., 2016) instead of inhibiting them, but that is unlikely to be the case in these experiments, as the results of using ArchT to inhibit the PBel CGRP terminals in the forebrain were very similar to those for using ArchT to inhibit the CGRP cell bodies in the PBel, and both were similar to the results of deleting Vglut2 from PBel CGRP neurons, or ablating them genetically (Kaur et al., 2013) .
Mechanisms of Arousal from Apnea
During apnea, there is a gradual increase in blood CO2 and fall in O2. Blood O2 tension is measured by chemoreceptors in the carotid body, which are innervated by the carotid sinus branch of the glossopharyngeal nerve (Gonzalez et al., 2010; Izumizaki et al., 2004) . Afferents from the carotid sinus nerve terminate in the lateral and commissural parts of the nucleus of solitary tract (NTS) (Abbott et al., 2013; Finley and Katz, 1992; Gonzá lez et al., 2003; Massari et al., 1996) , and hypoxia activates neurons in the ventrolateral medulla, including the C1 neurons, as well as in the locus coeruleus and the orexin neurons in the LH, in addition to the PBel, lateral crescent, and Kolliker-Fuse nucleus (Song et al., 2011; Teppema et al., 1997) . Rising CO2 is in part recognized by the carotid body chemoreceptors but also by central chemoreceptors. The retrotrapezoid chemoreceptor neurons are necessary for normal response to hypercapnia, as shown by animals or humans that have mutations in the phox2B transcription factor and fail to develop retrotrapezoid neurons (Abbott et al., 2009; Guyenet et al., 2010; Haxhiu et al., 1996; Marion and Bradshaw, 2011; Ramanantsoa and Gallego, 2013) . These individuals have central apneas particularly during sleep, due to low sensitivity to elevated CO2 (Marion and Bradshaw, 2011; Ramanantsoa and Gallego, 2013) . In addition, many serotonin neurons in the brainstem raphe are also CO2 sensitive. Genetic deletion of these neurons also reduces CO2 sensitivity (waking up response during sleep), although that sensitivity can be recovered by administering a 5HT2a agonist drug (Buchanan and Richerson, 2010; Ray et al., 2011 Ray et al., , 2013 Richerson et al., 2005) . This suggests that the serotonin neurons mainly set the level of CO2 sensitivity, and that their own increase in firing in response to CO2 is not required for animals to arouse to CO2.
The reductions in CO2 sensitivity for causing arousal from NREM sleep following loss of brainstem serotonin neurons is roughly in the same range as that seen with lesions of the PBel region. However, our experiments here show that within the PBel region the arousals to CO2 are dependent almost entirely upon the PBel CGRP neurons. These neurons have only ascending projections (Krukoff et al., 1993; Saper, 1982; Saper and Loewy, 1980; Yasui et al., 1989) , so they are likely to be downstream both of the serotonin and retrotrapezoid effects on CO2 arousal. Also, we did not observe any change in ventilatory drive to CO2 due to photo-inhibition of the PBel CGRP neurons, suggesting that silencing PBel has little if any effect on respiratory drive during hypercapnia. This suggests that it should be possible to suppress EEG arousals during apnea, while allowing the brainstem respiratory system more time to re-open the airway. On the other hand, respiratory drive and airway re-opening was greatly enhanced in all animals almost immediately after EEG arousal, suggesting that forebrain arousal results in a descending influence that plays a critical role in rapidly re-opening the airway. An additional source of arousing stimulation during obstructive apneas is thought to be generated by the negative upper-airway pressure as the individual tries to breathe against a closed airway (Carberry et al., 2015; Eckert et al., 2007 Eckert et al., , 2008 Gonzá lez et al., 2003 , Gonzalez et al., 2010 Horner et al., 1991) . The negative airway pressure is sensed by the recurrent laryngeal and superior laryngeal branches of the vagus nerve, which terminate in the same parts of the NTS as the carotid sinus nerve (Mifflin, 1996; Song et al., 2011) . These NTS neurons also project heavily to the PBel region (Jhamandas and Harris, 1992; Roman et al., 2016; Rosen et al., 2011) . Thus, although our model does not include upper-airway occlusion, it is likely that there is a convergence of information from all three ascending sensory pathways (hypoxia and hypercarbia, which are both blocked by PBel Vglut2 deletions, and airway mechanoreceptors) in the PBel. It will be important for future work to test this hypothesis.
Yet another possibility is that CO2 could be sensed via olfactory receptors. As we discussed in our initial paper on CO2 arousal (Kaur et al., 2013) , this is quite unlikely to cause the arousal seen in our paradigm. Because peripheral CO2 receptors in the olfactory system (Hu et al., 2007) respond at levels as low as 1% CO2, one would expect that our 10% CO2 stimulus would produce almost immediate arousal. However, the latency to arousal is about 15 s, which would be more consistent with a response to a change in blood pCO2. Even if olfactory aversive responses to CO2 were involved in our model, they would have to be conveyed through the PBel CGRP neurons, as photo-inhibition at that site blocks the arousal.
Thus, the PBel provides a convergence site for the entire range of neural pathways stimulated by obstructive apnea. The PBel CGRP neurons provide the main relay for these stimuli to reach forebrain sites to cause wakefulness, which in turn augments airway opening and permits the individual to survive the apneic event. Although other brainstem cell groups may participate in CO2 responses, such as the serotonergic dorsal raphe (Buchanan and Richerson, 2010; Ray et al., 2011 Ray et al., , 2013 Richerson et al., 2005) and noradrenergic locus coeruleus neurons (Carter et al., 2010; Gargaglioni et al., 2010; Yackle et al., 2017) , they clearly cannot cause normal arousal to elevated CO2 without the PBel CGRP neurons. How they participate, presumably in a modulatory role, is the subject of our current investigation.
The PBel CGRP Neurons as a House Alarm System
In addition to receiving stimuli during hypoxia and hypercapnia, the PBel CGRP neurons also send dendrites into the ascending stream of afferents from the medial part of the nucleus of the solitary tract (which conveys a variety of gastrointestinal and other autonomic inputs) and from the spinal cord (which largely conveys pain afferents) (Bernard et al., 1989 (Bernard et al., , 1994 (Bernard et al., , 1995 Herbert et al., 1990; Krukoff et al., 1993; Yoshida et al., 1997) . Previous work has emphasized the PBel CGRP projection to the CeA as being activated by painful stimuli . Pain is known to reduce and fragment sleep. We hypothesize that the effect of pain on sleep may also be mediated by the PBel CGRP neurons. Similarly, Palmiter and colleagues have recently proposed that, during feeding, CGRP neurons in the PBel may provide an early brake on food consumption (Carter et al., 2013 (Carter et al., , 2015 , perhaps in response to vagal inputs registering gastric stretch or other early signals of satiety (Bernard et al., 1994) . Inhibition of these neurons by inputs from agouti-related peptide neurons in the hypothalamus may permit prolonged feeding (Campos et al., 2016) . Parabrachial nucleus (PB) neurons have been shown to fire in a lower frequency range when stimulated by visceral stimuli, whereas they fire at higher frequency range when stimulated by cutaneous noxious stimuli (Bernard et al., 1994) . Therefore, it is possible that a single population of CGRP neurons may activate different responses from its upstream targets in a frequency-dependent manner. Alternatively, different subpopulations of PBel CGRP neurons may receive and process different classes of aversive stimuli. This would allow some PBel CGRP neurons to be activated by spinal inputs and others by inputs from the vagus nerve via the NTS.
In our model, the CGRP neurons may be a more generalized cause of wakefulness due to visceral discomfort akin to a house alarm that can be activated by different sources of potential danger (Saper, 2016) . On the other hand, understanding more about afferents that modulate the PBel CGRP neurons may allow us to design interventions that prevent sleep fragmentation due to pain or sleep apnea.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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STAR+METHODS KEY RESOURCES TABLE ANIMALS
We used CGRP-CreER mice that were produced by Dr. Pao-Tien Chuang's laboratory (Song et al., 2012) and which had been backcrossed to the C57BL6 genotype for at least 6 generations. We validated these mice for the expression of Cre in the CGRP neurons, by crossing them with TD Tomato mice (B6; 129S6-Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze/J ) and after injections of Tamoxifen (TM; Sigma-Aldrich; n = 3) found a 100% co-localization of the Cre and CGRP expression in the PBel and surrounding region ( Figure 1A) .
All mice used in these experiments were male. Mice were derived from heterozygote matings with wild-type C57BL6 mice, producing CGRP-CreER mice (heterozygotes) and wild-type littermates. Animals were maintained on a 12 hr light/dark cycle with ad libitum access to water and food and after surgery were singly housed. Male littermates were randomly assigned to the experimental groups. All animal procedures met National Institutes of Health standards, as set forth in the Guide for the Care and Use of Laboratory Animals, and all protocols were approved by the Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committee.
TAMOXIFEN ADMINISTRATION
Tamoxifen (TM; Sigma-Aldrich) was dissolved in Mazola corn oil to make a stock solution of 20 mg/mL. Mice (8-12 weeks) were injected intraperitoneally (i.p.) with TM (75 mg/kg body weight) once every 24 hr for a total of 5 consecutive days. These injections were made just prior to the injections of AAVs in the brain.
VECTORS
The adeno-associated viral vectors (AAVs) that we used contained the gene construct (FLEX-hM3Dq-mCherry-wpre) were acquired from Dr. Patrick M. Fuller who has previously used it to selectively activate cell populations in the BF in vivo (Anaclet et al., 2015) . In addition, we also used an AAV conditionally expressing subunit A of diphtheria toxin in a Cre-dependent manner (AAV-lox-mCherry-lox-DTA-lox2; or AAV-Flex-DTA) in the CGRP-CreER mice. This vector was packaged into an AAV (serotype 10), was placed within a FLEX cassette. Within the FLEX cassette the DTA sequence is inverted, and as such it cannot be transcribed except in the presence of cre-recombinase, conferring absolute expression selectivity. This construct also contained mCherry, with mCherry located external to the FLEX switch. Hence mCherry was expressed in all non-cre-recombinase cells within the injection field, thereby allowing us to ascertain both the anatomic extent of the injection, and demonstrate, quantitatively, ''survival'' of the non-cre-recombinase cells intermingled with the cre-recombinase cells targeted by DTA. This vector was also designed, produced, and validated by Drs. Patrick M. Fuller and Michael Lazarus. We tested the Cre dependent deletions of the CGRP-Cre neurons by unilateral injection of AAV-Flex-DTA in CGRP-CreER mice (n = 3), that were crossed to GFP reporter mice (R26-loxSTOPlox-L10-GFP) in which all Cre containing cells produce GFP. Unilateral injection of the AAV-Flex DTA (150-200 nL) in these mice killed all the Cre expressing CGRP neuron on the side of injection, which can be compared the intact uninjected side ( Figure S2 , in which all of the surviving cells (non-Cre) on the injected side expressed mCherry). Beside CGRP-CreEr mice, we found similar results after testing this virus for selective the Cre-dependent deletions in various other lines such as Dopamine beta -hydroxylase-Cre (DbH-Cre) mice for deletion of the noradrenergic neurons in the locus coeruleus, and Corticotropin releasing hormone-Cre (CRH-Cre) mice for deletion of the CRH neurons in the Barrington nucleus. The third virus which we used in our optogenetic experiments is the optogenetic neural silencer AAV-CAG-FLEX-ArchT-GFP that co-expresses ArchT and GFP in a Cre dependent manner. This viral vector was procured from the University of North Carolina (UNC) vector core and has been used previously by many groups for silencing neurons and of their terminals (Herrera et al., 2016; Kim et al., 2015; . In order to test the Cre dependent expression of the silencer AAV-CAG-FLEX-ArchT-GFP, we injected this in to PBel of mice that were heterozygous both for the CGRP-CreER and TD Tomato alleles (n = 3). In these mice, all Cre-expressing neurons were labeled by Tomato red. We found expression of ArchT (as shown by GFP) only in Cre expressing CGRP cells ( Figure S3 and this figure relate to Figure 2 in the main text).
GENERATION OF AAV
The detailed process for the generation of the AAV-FLEX-hM3Dq-mCherry-wpre has been described earlier in vivo (Anaclet et al., 2015) . For the packaging of AAV-FLEX-DTA, AAV of serotype rh10 were generated by tripartite transfection (AAV-rep2/caprh10 expression plasmid, adenovirus helper plasmid, and pAAV plasmid) into 293A cells. After 3 days, the 293A cells were resuspended in artificial CSF, freeze-thawed four times, and treated with benzonase nuclease (Millipore, Billerica, MA) to degrade all forms of nonviral DNA and RNA. Subsequently, the cell debris was removed by centrifugation and the virus titer in the supernatant was determined with an AAVpro Titration Kit for Real Time PCR (Takara, Japan). The third virus vector AAV-CAG-FLEX-ArchT-GFP was packaged at the UNC vector core.
SURGERY Experiment 1 (Activation of CGRP-PBel neurons)
In the first set of experiments, after treating CGRP-Cre ER mice for five days with TM, we sterotaxically injected 150-200 nL of a solution containing AAV-hSyn-Flex-hM3Dq-mCherry-wpre in the lateral PB bilaterally (n = 6; Figures 1B and 1C ) and later implanted the mice for EEG and EMG recording. Five weeks after the injection of the viral vectors (to allow for Cre recombination and gene expression), these mice were attached via cables to the sleep recording apparatus. After 3-4 days of habituation to the cables and recording apparatus, sleep was recorded for 24h after injection of either saline or clozapine-N-oxide (CNO) at two different doses (0.1mg/kg or 0.3mg/kg). Mice were injected with saline or CNO at 8am (an hour after beginning of the light phase).
Optogenetic activation of the PBel CGRP neurons CGRP-Cre ER mice after injections of TM were sterotaxically injected with 150-200 nL of AAV-EF1a-DIO-hChR2-EYFP (ChR2; n = 6) or AAV-GFP (GFP; n = 3) in the lateral PB bilaterally (n = 6; Figure S1 ) and later implanted with EEG and EMG and glass fibers targeting the PB bilaterally. Five weeks after the injection of the viral vectors, these mice were attached via cables to the sleep recording apparatus. After 3-4 days of habituation to the cables and recording apparatus, sleep was recorded for 24 hr with and without laser stimulations. All mice were subjected to blue laser (473 nm) pulses for 5 s every 5 min during the light phase. The response of laser pulses (10 ms) of three different frequencies of 5Hz, 10Hz and 20Hz were tested for producing cortical arousal when the mouse was asleep in the early light phase starting at 9 am and lasting until 2pm. Optogenetic induced wakefulness shown in Figure S1 relates to Figure 1 in the main text. 
DATA ACQUISITION
Five weeks after injection of the viral vectors, mice were attached to the recording cables and acclimatized to the recording chamber for 2 days.
has been used by most researchers for neuronal silencing at the terminal fields (Herrera et al., 2016; Kim et al., 2015; . Note that this is probably a high estimate because some light is probably lost at the interface between the fiber-optic cable and the implanted optic-fiber.
DATA ANALYSIS
Sleep analysis
Digitized polygraphic data were analyzed offline in 10 s epochs using Sleep Sign software (Kissei Comtec, Matsumoto, Nagano, Japan). The software autoscored each epoch using an algorithm that identified three behavioral states based on EEG and EMG. The autoscored data were then checked at least twice visually for movement and any other artifact and to confirm or correct automatic state classification by an unbiased scorer blind to the treatment groups (JW). Over-reading of the sleep recordings were done according to previously published criteria (Kaur et al., 2008) . The changes in amount of time spent in wake, non-rapid-eye-movement (NREM) sleep, and rapid-eye-movement (REM) sleep in different treatment groups (saline versus CNO 0.1 and 0.3 mg/kg) across time and over light and dark phases were compared statistically using a two-way ANOVA followed by a Holm-Sidak post hoc test for multiple comparisons. Similarly, for experiments 2 and 3, the percentage of time spent in NREM, wake and REM sleep during the Laser-ON and Laser-OFF days was statistically compared to the normocapnic air condition. In order to see if the Laser-ON condition directly affected sleep maintenance or promoted sleep, sleep to wake transitions during the 60 s Laser-ON were compared with similar 60 s period during the laser-OFF day.
Statistical analysis
All statistical analyses were performed using SigmaPlot 12.3 (Systat Software). For statistical comparisons, we first confirmed if the data meet with the assumptions of the ANOVA, then either one way or two way ANOVA was performed to compare the effects between various treatment groups during the light and dark phase. If differences in the mean values among the treatment groups were greater than would be expected by chance; then all pairwise multiple comparisons were performed using the Holm-Sidak method. The F and p values are described in the results section with details of the statistical tests also given in the respective figure legends and represented in figures. The 'n' in the figures and results represents the number of animals. We also used the same software to test the sample size and power of the tests post hoc and experiments were found to be sufficiently powered. A probability of error of less than 0.05 was considered significant.
Analysis of arousal to hypercapnia EEG arousals in response to stimuli were identified by EEG transition from NREM to a waking state, which was usually accompanied by EMG activation, as described previously (Kaur et al., 2013) . We scored the duration and latency of all the EEG arousals that occurred after onset of stimulation. The trials in which animals did not awaken during the 30 s of the CO2 or air stimulus were marked as failure to arouse to stimulus. These arousals were compared across the Laser-ON and Laser-OFF days.
Analysis of the ventilatory kinetics during hypercapnia
Respiratory airflow was recorded using the plethysmograph chamber (Data Science International, St. Paul, MN) attached to flow transducers connected to an A/D board that transmitted signals to the computer. Volume calibrations for these chambers were performed by repeated known volume air injections. Flow transducer readings were digitized at 1 kHz and recorded using Axoscope software (Molecular Devices, Foster City, CA, USA). The flow signals were analyzed offline for respiratory rate, tidal volume, and ventilation using software to automatically detect the peaks and troughs of each breath (MATLAB, Mathworks, Natick, MA). Trials for a particular condition (with and without Laser-ON) were ensemble averaged. We then compared the respiratory variables for three breaths before hypercapnia to that during hypercapnia just prior to waking in response to CO2 (shown in Figure S4 ; respiratory data shown relates to Figure 2 in the main text).
Histology At the conclusion of the experiment, the animals were perfused with 0.9% saline followed by 10% buffered formalin while under deep anesthesia. Brains were harvested for analysis of the effective location of the injection site. Brains were kept in 30% sucrose for 2 days and sections were cut at 30 mm using a freezing microtome in four 1:4 series.
Immunohistochemistry
One of the series of sections was immunostained for either GFP (Rabbit anti-GFP, 1:10K, ThermoFisher Scientific, Cat-A11122) or mCherry (anti dsRed, 1:10k, Cat-632496, Clontech) using standard immunohistochemistry protocols described previously (Kaur et al., 2013) . Neither of these antibodies stained tissue from control mice that were not injected with viral vectors. Another series was double-stained for immunofluorescence either with antibodies for GFP using mouse anti-GFP or dsRed and also stained with CGRP antibody (Rabbit anti-CGRP, 1:1000, T-4032, Peninsula Laboratories International). The CGRP antibody stained a pattern of neurons in the parabrachial region, hypothalamus, BF, and amygdala, as previously reported (Yasui et al., 1989) and there was nearly perfect correspondence between immunostaining and Cre-dependent fluorescent protein expression in CGRP-CreER mice (see below). No immunostaining was seen when the primary antibodies were omitted. Sections for immunostaining were first incubated in 0.1 M phosphate buffer and 1% H2O2 for 5-10 min followed by three washings in 0.1 M phosphate buffer. For all the immunohistochemical staining that involved visualization using a diaminobenzidine (DAB) reaction, the sections after the overnight incubation with primary antiserum were incubated in the respective secondary antibodies for 2 hr, followed by incubation in ABC reagents (1:1000; Vector Laboratories) for 90 min, then washed again and incubated in a 0.06% solution of 3,3-diaminobenzidine tetrahydrochloride (Sigma-Aldrich) and 0.05% CoCl2 and 0.01% NiSO4 (NH4) in PBS plus 0.02% H2O2 for 5 min. Finally, the sections were mounted on slides, dehydrated, cleared, and coverslipped. Sections for double or triple-immunofluorescence staining for GFP and dsRED or CGRP were incubated in fluorescent-labeled secondary antibodies (Pacific Blue; Alexa-488; Alexa-555; Molecular probes, Thermo-Fischer Scientific) for 2 hr and coverslipped with fluorescence mounting media (Dako, North America) .
Histological analysis
To analyze the non-selective unilateral cell lesions and sites of terminal inhibition in the experiment 3; and define the projections areas (CeA; BF and LH) of CGRP-PBel neurons, whose inhibition prolonged the latencies to waking up in response to CO2, we plotted the lesion areas and fibers in the terminal field as heatmaps and correlated them to the physiological responses (ratio of the arousal latency of each experimental mouse compared to the baseline group) of the mice. For the generation of the heatmaps, each experimental mouse was given an arousal latency score based on ratio of the arousal latency compared to the baseline group. The lesion site showing extent of lesioned area on the left side and the terminal fields on the right side along with tips of the optical fibers, were mapped onto the representative templates at four rostral-caudal levels throughout CeA, BF and LH areas. These were constructed using a series of Nissl stained sections that were also immunolabelled for GFP to mark the terminal fields of PBel. The part of each mouse's terminal field that was within 1 mm of the tip of the optical fiber was weighted by its arousal latency score, and all mice were overlaid using a custom script (https://www.python.org/) over the group that was summed (pixel by pixel over each overlaid image) and heatmaps were created demarcating brain regions most associated with the increased arousal latency.
Whole cell patch clamp in vitro experiments
For in vitro electrophysiological recordings we used 4 CGRP-CreER mice. We injected 150 nL of AAV-FLEX-ArchT-GFP (n = 3) or 150 nL of AAV-FLEX-GFP (n = 1; control experiments) into the PB bilaterally using the coordinates described above. Four weeks after AAV injections, we prepared brainstem slices for electrophysiological recordings. We deeply anesthetized the mice with isoflurane via inhalation and transcardially perfused them with ice-cold cutting ACSF (N-methyl-D-glucamine, NMDG-based solution) containing (in mM): 100 NMDG, 2.5 KCl, 1.24 NaH 2 PO 4 , 30 NaHCO 3 , 25 glucose, 20 HEPES, 2 thiourea, 5 Na-L-ascorbate, 3 Na-pyruvate, 0.5 CaCl 2 , 10 MgSO 4 (pH 7.3 with HCl when carbogenated with 95% O 2 and 5% CO 2 ). We quickly removed the mouse brains and sectioned them in coronal slices (250 mm thick) in ice-cold cutting ACSF using a vibrating microtome (VT1000S, Leica, Bannockburn, IL, USA). We transferred the slices containing the lPB to normal ACSF containing (in mM): 120 NaCl, 2.5 KCl, 1.3 MgCl 2 , 10 glucose, 26 NaHCO 3 , 1.24 NaH 2 PO 4 , 4 CaCl 2 , 2 thiourea, 1 Na-L-ascorbate, 3 Na-pyruvate (pH 7.4 when carbogenated with 95% O 2 and 5% CO 2 , 310-320 mOsm). We recorded in the PBel CGRP that expressed GFP using a combination of fluorescence and infrared differential interference contrast (IR-DIC) video microscopy. For these recordings, we used a fixed stage upright microscope (BX51WI, Olympus America) equipped with a Nomarski water immersion lens (40 x / 0.8 W) and IR-sensitive CCD camera (ORCA-ER, Hamamatsu, Bridgewater, NJ, USA), and we used AxioVision software (Carl Zeiss MicroImaging) to acquire real-time images. We recorded in whole-cell configuration using a Multiclamp 700B amplifier (Molecular Devices, Foster City, CA, USA), a Digidata 1322A interface, and Clampex 9.0 software (Molecular Devices). We recorded in ACSF using a K-gluconate-based pipette solution containing (in mM): 120 K-gluconate, 10 KCl, 3 MgCl 2 , 10 HEPES, 2.5 K-ATP, 0.5 Na-GTP (pH 7.2 adjusted with KOH; 280 mOsm). We photo-stimulated PBel CGRP neurons expressing ArchT using full-field 60 s light pulses ($3 mW/mm 2 , 1 mm beam width) from a 880 mW LUXEON yellow light-emitting diode (565 nm wavelength; #M565L3; Thorlabs, Newton, NJ, USA) coupled to the epifluorescence pathway of the microscope. We analyzed the electrophysiological data using Clampfit 9.0 (Molecular Devices) and IGOR Pro 6 (WaveMetrics, Lake Oswego, OR, USA).
Data availability
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